Purpose: The aim of this study was to compare the neuronal firing rate and oscillatory activity of the subthalamic nucleus (STN) between the more affected (MA) and the less affected (LA) hemispheres in Parkinson's disease (PD). Patients and Methods: We recorded and analyzed the intra-operative microelectrode recordings (MER) from the STN of 24 PD subjects. Lateralized Unified Parkinson's Disease Rating Scale (UPDRS) III sub-scores (item 20-26) were calculated. The STN corresponding to the MA side was designated as the MA STN while the other side as the LA STN. Single unit characteristics including interspike intervals were identified and spectral analyses were assessed. Further, the mean spontaneous firing rate (MSFR) of neurons was calculated. The correlations between clinical symptoms and neuronal activity were analyzed. Results: The firing rate in the MA and LA sides were 43.18 ± 0.74 Hz and 36.94 ± 1.32 Hz, respectively, with an increase of 16.9% in the MA group. The number of neurons that oscillated in the Tremor-Frequency Band (TFB), β-Frequency Band (βFB), and the nonoscillatory cells in the MA group were 43, 115, and 62 versus 78, 68, and 54 in the LA group, respectively. The proportions of the three types of neurons were different between both groups. The firing rate of the STN neurons and the UPDRS III sub-scores were positively correlated. Additionally, we observed a positive correlation between the percentage of βFB oscillatory neurons and bradykinesia score. Conclusion: The firing rate of the STN in the MA hemisphere is higher than in the LA side, following disease progression and there seems to be an increase in firing rate. The βFB oscillatory neurons are at a larger proportion in the MA group while there were larger percentage of TFB oscillatory cells in the LA group. The proportion of βFB oscillatory neurons is selectively correlated with the severity of bradykinesia.
Introduction
Parkinson's disease (PD) is a progressive degenerative disorder of the human nervous system, characterized by impairments in movement initiation (akinesia) and reductions in the amplitude and velocity of voluntary movements (bradykinesia), accompanied by muscular rigidity and tremor at rest.
1,2 PD tends to start on one side of the body and gradually spread to the opposite side, presenting asymmetrical symptoms in the course of the disease. 3 The pathogenesis of PD is not yet clear. Damage in the subnuclei of the substantia nigra pars compacta (SNc) is considered the most important hallmark of PD, leading to dopamine deficiency in striatum. According to the hypothesis of the basal ganglia "rate model" proposed by Albin and Delong, 4,5 the loss of dopaminergic input to the striatum causes cascade of functional modification to the basal ganglia circuitry. In brief, the main output nucleus, the globus pallidus internal (GPi), gets rid of the inhibitive pulse through the direct pathway and receives greater excitatory inputs through the indirect pathway. The overall result is the decreased thalamic activity and then the cortical excitability is attenuated. Histopathological studies have shown that 50%-70% of substantia nigra neurons had undergone apoptosis by the time motor symptoms appear. 6, 7 The asymmetric loss of dopaminergic neurons in bilateral substantia nigra may be one of the causes of asymmetrical symptoms on both sides. 3, 6 Over half of PD patients show obvious differences in UPDRS III scores of the left and right limbs. 8 Studies using fluorine-18-labeled fluorodopa (18F-dopa) PET and single-photon emission CT (SPECT) imply that the amount of tracer uptake decreased obviously in the striatum corresponding to the more affected (MA) side. 9, 10 Dopaminergic depletion may also result in changes in neuronal firing activities of the basal ganglia. The symptoms of PD are associated with increased frequency, abnormal firing pattern, and excessive synchronization of oscillatory activities in the basal ganglia, including the STN. 11 Direct evidence was absent to illustrate that the firing rate of the STN neurons in PD patients maybe higher than that of the normal human. Increased neuronal firing rate in the STN has been found in animal models of PD and supports the "rate model" of the basal ganglia. 5, 12 Increased firing rate in the group of patients with advanced symptoms than the group of patients with early symptoms has been previously shown. 13 There is still a lack of studies comparing the firing rate in both hemispheres of individual subjects. Therefore, the first hypothesis of our study was that the firing rate on the MA side might be higher than the LA side. In recent days, the changes in firing patterns and oscillations are considered to play a crucial role in the process of PD. 12, 14, 15 When it comes to oscillatory activity, the β band oscillatory neurons are the most well studied, and based on the evidence, βFB activity has been associated with bradykinesia and rigidity. 16 TFB associated oscillation has been correlated with limb tremor. 17 As the disease progresses, tremor tends to be less severe while rigidity and bradykinesia may become the dominant problem. [18] [19] [20] Intra-operative local field potentials (LFPs) from the subthalamic nucleus (STN) indicated that the α/β band oscillations were greater in the MA hemisphere. 21 However, it is still unknown whether the firing patterns are different between the MA side and the LA side on the single-unit activity level in human subjects with PD. Therefore, the second hypothesis is βFB oscillatory activities increase with disease progression whereas TFB oscillation is attenuated. In the current study, with the advantage of microelectrode recordings during stereotactic operation, we aimed to shed light on these puzzling doubts. These findings may have important implications for neural signals that can be used to drive adaptive deep brain stimulation (aDBS) in PD.
Materials and Methods

Human Subjects and Clinical Assessment
Twenty-four patients (16 males, eight females, 58.3 ± 1.82 years) with idiopathic PD who were undergoing stereotactic surgery for implantation of bilateral STN DBS electrodes were included in this study. They had a mean duration of PD for 10.5 ± 1.19 years at the time of surgery. The total levodopa equivalent daily dosage (LEDD) was 780 ± 75.5 mg. Motor severity was defined with the aid of part III -United Parkinson Disease Rating Scale (UPDRS). All patients were assessed before and after an acute levodopa (L-dopa) challenge 1 week prior to the surgical date. Lateralized UPDRS III sub-scores (item 20-26: rest tremor, postural/action tremor, rigidity, and limb bradykinesia) were also calculated. The bradykinesia score included scores for finger tapping, hand movement, pronationsupination, and leg agility. The MA side was determined for each subject as the side with higher UPDRS III subscores in the medication off state. Subsequently, the other side was considered the LA side. If equal sub-scores appear on both sides, then the side on which the symptom started is considered as belonging to the MA group. The STN corresponding to the MA side was defined as the MA STN while the other side as the LA STN. The sub-scores on tremor, rigidity, and bradykinesia on both sides were also calculated. During surgery, the patients were awake and were not on dopaminergic medications for >12 h from the last oral dose of anti-parkinsonian medications. Demographic details of the patients are given in Table 1 . Detailed UPDRS III sub-scores are shown in Table 2 . This study was carried out in accordance with the principles of the Declaration of Helsinki and was approved by the Ethics Committee of Xuanwu Hospital, Capital Medical University. All patients provided written informed consent.
Surgical Procedure
Detailed surgical procedure has been presented in our previous study. 17, 22 In brief, all patients underwent preoperative contrast enhanced volumetric T1 and T2-weighted magnetic resonance imaging (MRI) of the brain. On the day of surgery, Cosman-Roberts-Wells (CRW) frame (Radionics, Burlington, MA, USA) were applied to the skull under local anesthesia, and a full head computed tomography (CT) scan was obtained using 1-mm slice thickness. CT and MRI images were fused using Medtronic StealthStation FrameLink software. The targets of the STN were calculated based on a stereotactic atlas. The coordinates of the target point of the STN were 12 mm lateral, 1 mm posterior, and 4 mm inferior to the mid-commissural point. The recording tracks were made in a trajectory with a 12°angle lateral from the vertical line and approximately 60°from the intercommissural line. A full-head CT scan was obtained using 1-mm slice thickness 1 day after surgery and fused with MRI images for target planning before surgery. Lead location in the STN was clearly indicated and the trajectory length of microelectrode recording was confirmed indirectly.
Microelectrode Recording
As described in previous studies, 16, 23 microelectrode recordings were performed during targeting using the Microguide system Pro (AlphaOmega Engineering, Nazareth, Israel) with patients at rest as a general step in the targeting procedure. Briefly, a tungsten microelectrode with tip size 10-20 μm and resistances from 0.3 to 0.5 MΩ at 1000 Hz (Alpha Omega Engineering, Nazareth, Israel) was used. Recordings started 10 mm upward the target and advanced at 0.5 mm intervals. The dorsal border of STN was identified by the increased amplitude of background activity and higher frequency neuronal discharge, reflecting the summed activity of large densely packed neurons in the nucleus. When the electrode passed through the ventral margin of the STN, the background noise decreased suddenly. Three channels of electromyograms (EMGs) were simultaneously recorded from the extensor carpi radialis (ECR), flexor carpi radialis (FCR), and the tibialis anterior (TA) muscles on the contralateral limbs using surface electrodes. All signals recorded from the microelectrode were amplified (×20,000) and filtered (with a bandpass of 200 Hz-10 kHz). The sample rate was 12,019 Hz. EMG signals were amplified (×5000), filtered with a bandpass of 20-1,000 Hz, and sampled at 3 kHz.
Signal Processing
As previously described, 22 all neuronal and EMG data were analyzed using Spike 2 (Cambridge Electronic Design, Cambridge, UK). Only spikes having a signal-to-noise ratio greater than 2:1 were used. For further analysis, we only chose recordings that were ≥10 s in duration and were free of artifacts and not obtained during periods with voluntary movements. Further, single-unit analysis was used. The neuronal waveform and shape were first identified by visual assessment. Action potentials were picked up using amplitude and waveform criteria through spike sorting function in Spike 2 for further analysis. The inter-spike interval (ISI) was obtained from the spike train and the mean spontaneous firing rate (MSFR) and coefficient of variation (CV) of ISI were calculated. The root-mean-square (RMS) was used to present the amplitude of the neurons. Oscillatory characteristics were evaluated using the power spectrum density (PSD) of the units. The raw data were rectified, DC removed with a time constant of 0.5 s, and down sampled to 3 kHz. Frequencies between 48 Hz and 52 Hz known as the white noise were removed before further analysis. The PSD was processed with the Welch method in a Hanning window, the FFT size was set as 4096, yielding a frequency resolution of 0.7336 Hz. Significant oscillation frequencies were defined as those that exceed a threshold of five standard deviations above the mean power in the 30-70 Hz band. 24 The frequency with the maximal power of all frequencies that exceeded the threshold was regarded as the main oscillation frequency. If no frequency exceeded the threshold, then the neuron was considered non-oscillatory cell. In our study, the tremor frequency band (TFB) neurons oscillated at 3-7 Hz while β frequency band (βFB) neurons oscillated at 8-35 Hz.
Statistical Analysis
Results were statistically analyzed in GraphPad Prism (version 7.0, GraphPad Software Inc., San Diego, CA) and Origin (version 8.5, OriginLab Corporation, Northampton, MA, USA) software and presented as mean ± SEM. For the paired data of the two groups, the normally distributed was compared with Student's t-tests while Wilcoxon matchedpairs signed-rank test was used if the distribution was not normal. When normal distribution is not followed, Wilcoxon matched-pairs signed-rank test is performed. For unpaired data, the Mann-Whitney U-test (rank-sum test) was performed. Chi-square analysis was used to compare the percentage of the three types of neurons between the two groups.
Fisher's exact test was performed to compare the dominant hand distribution in the two groups. Two-way ANOVA and post hoc Bonferroni t-test were used to compare the parameters of the three types of neurons in the two groups. Linear regression and correlation analysis were applied for the relevance between clinical symptoms and neuronal activities. For all statistical tests, a p-value <0.05 was considered statistically significant.
Results
A total of 420 cells were analyzed in 24 PD patients. trajectory length in both groups was found (p>0.05). It is important to note that the neurons studied were all considered from the corresponding locations on both hemispheres. We also plot the neurons within the STN, as shown in Figure 2 .
We found that the majority of oscillatory neurons were localized in the dorsal two-thirds of the STN. All but four patients included in our study were right-handed. There were 15 dominant hands belonging to the MA group while 9 belonging to the LA group. The number of dominant hands in the MA group and the LA group were similar (p>0.05). In our further analysis, we found no difference in the firing rate among these three types of neurons. Figure 3 demonstrates the mean firing rate and the distribution of the firing rate in the MA and LA groups and firing rate of the TFB oscillatory neurons, βFB oscillatory neurons, and non-oscillatory neurons separately.
The Percentages of Three Types of Neurons are Different in Both Groups
Of the 220 neurons checked in the MA group, 43 (19.55%) were TFB neurons at tremor frequency 4.9 ± 0. observed among the non-oscillatory neurons in between the MA and LA sides (27.00% vs 28.18%; p > 0.05). The percentages of the three types of neurons was observed to be different between two groups. There were more TFB cells in the LA group while there were more βFB cells in the MA group, whereas non-oscillatory cells were almost the same on both sides.
No Significant Difference Was Observed on Tremor Score Percentage
The lateralized UPDRS III sub-score in the MA group was 20.40 ± 0.94 and was significantly higher than in the LA group (15.10 ± 1.09) (p < 0.0001). The sub-score of tremor (4.21 ± 0.56 vs 5.63 ± 0.32), rigidity (10.25 ± 0.58 vs 2.38 ± 0.46), and bradykinesia (4.67 ± 0.39, vs 8.38 ± 0.68) was calculated for the MA group vs LA group in the medication off state (p < 0.01, p < 0.01, p < 0.01), respectively. The percentage of tremor score based on the lateralized UPDRS III sub-scores were 16.5 ± 3.1% and 20.0 ± 2.5% in the MA and LA group. No significant difference was found (p > 0.05). Hence, it is evident that there was no difference between the symptom types observed in the two groups.
Selective Correlations Existed in Clinical Symptoms and Neuronal Activities
We examined the correlation between parkinsonian motor symptoms (tremor, rigidity and bradykinesia), as measured by the preoperative hemi-body UPDRS III sub-scores, and the neuronal activity parameters of STN. The UPDRS III sub-scores and the firing rates were found to be significantly correlated (r=0.5261, p<0.001, Figure 5A ), especially between the firing frequency and the bradykinesia scores (r=0.4544, p<0.01, Figure 5B ), and the higher firing rate following higher sub-scores. While tremor scores were not significantly correlated, the proportions of βFB oscillatory neurons were positively correlated with bradykinesia scores (r=0.2945, p<0.05, Figure 5C ), when measured between the percentages of three types neurons of STN and their sub-scores, respectively.
Discussion
From the microelectrode recordings in the cohort of our study, we came to two main conclusions. First, the firing rate in the MA hemisphere was higher than in the LA sides. Second, the βFB oscillations were evident in the MA hemispheres corresponding to the MA sides, whereas TFB oscillatory activities were more evident on the LA sides. These findings were important to provide supplementary evidence to the classical basal ganglia rate model and supported the pattern and oscillation model. Hence, it is helpful for us to better understand the pathophysiological mechanism of PD. To elaborate, with our first set of evidence it was clear that the firing rate in the MA group (43.18 ± 0.74 Hz) was higher than in the LA group (36.94 ± 1.32 Hz) with an increase of 16.9%, when we analyzed the correlation of severity of symptoms and firing rate, we found a significant correlation between them, and bradykinesia was also Figure 4 Comparisons of the percentage of three types of oscillatory neurons in the STN between two groups. The percentage of βFB oscillatory neurons in the MA group was significantly higher than that in the LA group; the percentage of TFB oscillatory neurons was significantly lower in the MA group than that in the LA group; there were no significant differences with non-oscillatory neurons between the two groups. ** p<0.01, **** p<0.0001. Abbreviations: ns, not significant; TFB, neurons of tremor frequency band; βFB, neurons of β frequency band; non-oscillation, non-oscillatory neurons.
positively correlated with the firing rate, which indicated that there was an increase in firing rate with disease progression. Rarely, studies have focused on understanding the firing rate of both sides in one individual. Previously, when a study compared the firing rate in the group with an early stage of PD vs group with an advanced stage, divided according to the H-Y stage criteria, significantly higher frequency was found in the advance group than in the early group (28.7 vs 36.3 Hz). 13 Though no data on a healthy human was obtained, the relative frequency may also explain the phenomenon of symptom asymmetry. Furthermore, the significant correlation between clinical motor defects and neuronal firing can also indicate disease progression. Previously, many studies on primates have referred to the firing rate of STN. Studies in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated monkeys exhibited an increase in mean firing rate from 19 ±10 Hz to 26 ±15 Hz after given a sufficient dose of MPTP, which was used to create parkinsonian symptoms.
12
Studied on PD patients also found changes in firing rate with the status of the disease. The frequency usually occurred in ranges from 25 to 75 Hz in the off-medication state [25] [26] [27] [28] and it decreased after L-dopa administration or DBS. 29, 30 Another study observed that there was more neuronal degeneration in the SNc of the MA side. 10 According to the basic model of PD in basal ganglia, degeneration leads to disinhibition of the STN, thus generating the cardinal signs of PD. 5, 31 Theoretically, the firing rate may be greater in the MA hemisphere. Our results can somewhat be a supplement to this model that the firing rate may be different on the basis of disease severity. Almost every patient in our study showed the tendency of higher firing rate on the initially affected STN. Only one patient with a total disease history over 20 years showed very similar frequencies on both hemispheres.
We also analyzed the firing rate of the three different types of neurons separately and observed that the TFB cells, βFB cells, and non-oscillatory cells showed higher frequency in the MA group than in the LA group. But there was no significant difference among the three type of neurons. However, it is unclear if there was a difference in the discharge rate of the three cells. Levy et al 27 reported there was no significant difference in the firing rates of tremor cells and cells with high-frequency oscillatory activity. While Rodriguez et al 32 reported that the mean firing rate for tremor cells was lower than other neurons. Moran et al 24 found the firing rate of non-oscillatory neurons was lower than the oscillating groups. Second, oscillation characteristics are very important criteria that need to be discussed. The most important consequence of our study was that we found significant differences in the oscillatory activities in the MA and LA groups. The MA group had a higher percentage of βFB cells (52.27% vs 34.00%) with a lower percentage of TFB cells (19.55% vs 39.00%). Another crucial hypothesis about the basal ganglia was that the change in firing pattern of neurons was considered to be a key pathophysiological mechanism in PD. To date, the βFB activity has been the most well-studied frequency band. The βFB activity has been obvious in the STN of PD patients in the medication off state and encountered a significant decrease in the medication on state. It has also been observed to be decreased when receiving high-frequency stimulation delivered by DBS or performing active movements. [33] [34] [35] [36] Some studies have also shown that there was some deterioration in bradykinesia and rigidity if low-frequency stimulation at 10 and 20 Hz is given to the PD patients. Our results not only verify the high proportion of βFB cells in PD patients but also confirm that this proportion increases with disease progression and the βFB cells are especially correlated with the severity of bradykinesia. Strong correlations of β oscillations with rigidity and bradykinesia at rest have been shown. 40, 41 In our previous study, βFB has also been directly correlated with rigidity. 16 In other studies, a direct relationship between basal ganglia oscillations and tremor has been found. 22, 42 The TFB oscillations are tremor coherent in more than 50% of STN neurons. 43 These tremor frequency oscillatory neurons in the basal ganglia have been frequently correlated with limb tremor rhythm. 17 We observed that the percentage of sub-score on rigidity or tremor was similar in both groups. This could potentially mean that these symptoms, such as rigidity or tremor, may not be the contributing factor for the difference in the βFB activity changes. The decreased proportion of TFB cells may be explained by the dominance of βFB cells while no significant change in non-oscillatory cells was observed.
Though coherence exists between tremor frequency band neurons and limb muscular activities, the proportion of tremor cells did not increase significantly. A potential explanation was that the tremor sub-score did not clearly worsen with time. 20 In addition, the cerebello-thalamocortical network seems to be more important with parkinsonian tremor. 17 Chen et al also found that the beta band oscillations were associated with motor impairment and they found a strong negative correlation between their complexities, and still no such correlation was observed with tremor. 41 Sharott et al compared more detailed activity parameters of STN neurons and obtained results similar to our observations. They confirmed that none of the parameters correlated with tremor. 44 A possibility is the neuronal activity changes could happen ahead of a particular symptom. Symptom presentation may be due to some degree of accumulation of neuronal activities. Previous studies on LFP have showed similar outcomes. They found that 13-20 Hz frequency band oscillations showed greater effect in the MA hemisphere. 21 A study on early-stage and advancedstage PD patients failed to find the difference on neuronal oscillation activities, which may be due to the limited sample size used in this study. 13 DBS or L-dopa administration can decrease the power of βFB oscillations, 33, 35, 36 and direct evidence has shown the reduction in the subthalamic 8-35 Hz oscillatory activity correlates with clinical improvement in PD. 45 Our data also showed significant differences on the lateralized UPDRS sub-score and symptom duration in the MA and LA groups, and no differences were observed on the number of dominant hand in both groups. The length of neuronal trajectories between both the hemispheres were very similar and the number of cells recorded showed no significant difference. The distribution of neurons in the STN was in accordance with our previous studies, 16, 22 with the majority of oscillatory neurons located in the dorsal two-third parts of the STN. Comparing the MA and LA sides of the brain in the individual PD patient could reduce the influence of other interfering factors.
Conclusion
Our results provided new evidence related to neuronal activity and disease progression in PD. We have shown in this study that the firing rate in the MA-STN was higher than in the LA side, and we have also identified that the higher rate significantly correlated with higher UPDRS sub-score. The βFB oscillatory neurons were found in a larger proportion in the MA group while there was a larger percentage of TFB cells in the LA group. These results reinforced the hypothesis of the basal ganglia circuit and emphasize the importance of βFB oscillatory in the generation of Parkinsonian motor deficits.
